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ABSTRACT
Blending hydrogen into ammonia can improve the burning intensity of ammonia and the safety of
hydrogen, and it is important to understand the flames of NH3/H2/air mixtures. In this work, laminar
flame characteristics of 50:50 (vol%) ammonia-hydrogen mixtures in air were studied using the
spherical flame propagation method in a constant-volume bomb at initial temperature Tu = 298K and
different pressures. Laminar burning velocity and Markstein length were evaluated using a linear
analysis method. The influences of equivalence ratio (0.8 ≤  ≤ 1.4) and initial pressure (Pu = 0.5 atm,
1.0 atm and 1.5 atm) on flame instability were analyzed by examining the Lewis number, flame
thickness, and thermal expansion ratio. The result shows that the laminar burning velocity varies
non-monotonically with equivalence ratio and decreases with increasing initial pressure. The
Markstein length increases monotonically with the increase of equivalence ratio, but decreases with
initial pressure. Flame morphology shows that the ammonia-hydrogen flames suffer from cellular
instabilities, especially at higher pressures, i.e., 1.0 and 1.5 atm. The flame stability increases with
increasing equivalence ratio and decreases with initial pressure. In addition, numerical calculations
show that five commonly-used detailed NH3/H2/air mechanisms were not capable of accurately
predicting the unstretched flame propagation velocities for the mixtures considered here. Thus, the
experimental measurements in this study can be helpful in further improving and validating these
reaction mechanisms.
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1.0 INTRODUCTION

In recent decades, the shortage of fossil fuels and the increasingly greenhouse effect have become
more and more serious. Ammonia as a carbon-free and good carrier of hydrogen energy (high
hydrogen weight of 17.7% [1]) has attracted many attentions. Compared with hydrogen, ammonia has
more advantages in storage and transportation with high boiling temperature (-33.4 ℃ at 1.0atm) and
high energy density (12.7MJ/L at -33.4 ℃ and 1.0atm) [2]. Studies show that direct combustion of
ammonia as energy has been widely used in many devices, e.g., gas turbine[3], engines[4], and fuel
cells [5].

However, there are challenges in using ammonia as fuel alone. The minimum ignition energy of
NH3/air flame is about 680 mJ and higher than CH4/air (about 0.47mJ) and H2/air flames (about
0.02mJ). NH3/air flame has a narrower flammability range with  =16.5-29 vol% [6] compared to  =



5-16 vol% for CH4/air flame [7] and  = 4.5-75 vol% for H2/air flame [6]. The laminar burning
velocity of NH3/air flame at atmospheric pressure and room temperature is between 6~8cm/s
(equivalence ratio of  = 1.1) [8]. It is much lower than that of hydrocarbon fuel, and the value is
almost 1/5 of the CH4/air flame (about 35cm/s)[9]. Therefore, it is necessary to establish a reasonable
scheme that can ensure a more effective combustion of NH3. Blending ammonia with other fuels is
one of the promising options, e.g., CH4/NH3/air [10], NH3/syngas/air [2], NH3/dimethyl ether/air [11].
Furthermore, combustion of NH3/H2/air mixtures is much more attractive with the beneficial
characteristics of no carbon emission, enhancing H2 safety and improving NH3 combustion intensity.

The study by Lee et al. [12] shows that the laminar burning velocity has a substantial increase with
hydrogen addition for the laminar hydrogen-added ammonia/air flames at atmospheric pressure,
particularly under fuel-rich conditions. Ichikawa et al. [13] found that initial pressure has a negative
effect on flame propagation speed of ammonia/hydrogen/air mixtures. According to Li et al. [14], the
enhancement of the laminar burning velocity with the hydrogen addition is mainly due to chemical
effect caused by the reduction in chemical activation energy and the transport effect resulting from the
high mobility of hydrogen. When ammonia and hydrogen are burned in equal proportion
(50%NH3/50%H2/air), the laminar burning velocity is close to that of methane/air flames. Nonetheless,
few previous studies specifically analyzed the combustion of 50%NH3/50%H2/air mixtures. In
addition, many tested mechanisms [2] predicted poorly the laminar burning velocity of
ammonia/hydrogen/air flames, especially for high hydrogen ratio addition. This is because these
kinetics mechanisms could not be effectively verified due to a lack of experimental data.

This paper is mainly devoted to investigating the 50%NH3/50%H2/air laminar flames characteristics at
room temperature (298K) and various pressures using a constant-volume-combustion bomb method.
In addition, five detailed kinetics mechanisms are selected to evaluate the laminar burning velocity of
50%NH3/50%H2/air flames and compared with the experiments.

2.0 Experimental setup and numerical method

The experimental system employed is mainly composed of six parts: a spherical
constant-volume-combustion chamber, a gas premixing chamber, a high-speed schlieren
cinematography system, a pressure recording system, a high-voltage ignition system, and a
synchronization controller, shown schematically in Figure 1. The volume of the combustion chamber
is 4.2 L with an inner diameter of 200 mm. Two 80 mm diameter quartz optical windows are
oppositely mounted. The schlieren system adopts a way of linear transmission-type layout. The
high-speed camera is operated at 10000 fps. The pressure inside the chamber during flame propagation
is measured using a pressure transducer (Kistler 601CAA) and HICORDER (HIOKI, MEMORY
HICORDER 8826). The mixture is ignited by spark electrodes in the center of the chamber. The
pressure recorder, high-speed camera, and spark igniter are controlled by the synchronization system.

The mixture is prepared according to Dalton’s law of partial pressure. The intake quantity of ammonia
(purity 99.999%), hydrogen (purity 99.999%) and synthetic air (21%O2/79%N2 99.999%) are
controlled using the static absloute pressure transmitters (claimed accuracy of 0.15% of reading). Each
test was repeated at least three times in the experiment.



Numerical simulations in this study were performed using premixed module of CHEMKIN-PRO [15],
a one-dimensional freely propagating laminar flame model. Thermal diffusion (Soret effect) and
multicomponent transportation were taken into account in the simulations. For each case, at least 500
grid points were used with CRUV 0.03 and CRAD 0.03. Five mechanisms were used to calculate the
unstretched laminar burning velocity and compare with the experimental results obtained in this work,
i.e., Mei-Mech [16], Han-Mech [17], Dagaut-Mech [18], Nakamura-Mech [19] and Zhang-Mech [20].

Figure 1. Schematic of the experimental apparatus.

3.0 PARAMETER EVALUATIONMETHOD

3.1 Laminar burning velocity and Markstein length

The laminar burning velocity and Markstein length are obtained as follows. To avoid the influence of
ignition process, the initial radius in present work was chosen to be 6 mm [21]. The upper radius limit
is 30 mm (about 0.3 times the radius of the wall [22]) and the effect of the chamber can be neglected.

The stretched flame propagation speed,
bS , was derived from the data of flame radius versus time:

b
dRS =
dt

(1)

Where R- flame radius, mm; t-time, s. The flame stretch rate, κ , is the temporal rate of the change in
flame front elementary area A:

d(lnA) 1 dAκ=
dt A dt

 (2)

In the spherical propagating flame, the flame stretch is defined as Eq. (3):
2

b2
1 dA 1 d(4πR ) 2 dR 2κ= = = = S
A dt 4πR dt R dt R

(3)

There is a linear relationship between the stretched flame propagation speed and flame stretch rate, can
be expressed as[23]：



0
b b bS =S -L κ , (4)

Where 0
bS - unstretched flame propagation speed, cm/s; bL - Markstein length, mm;  - flame stretch

rate. The unstretched flame propagation speed can obtained by extrapolating to zero stretch, and the

Markstein length is the negative value of the slope of the bS  curve. The unstretched laminar flame

speed, LS , was calculated from the mass conservation across the thin flame front, Eq.(2):

0
0b b

L b
u

S ρS = S
ρ

 , (5)

Where  - the thermal expansion ratio; b - the density of the burned mixture, kg/m3; u - the

density of the unburned mixture, kg/m3. The quantities b and u were calculated using the

equilibrium module of CHEMKIN.

3.2 Lewis number

The cellular instability of the premixed mixture is considered causing by diffusive-thermal instability
and hydrodynamic instability. The intensity of the diffusive disparity associated with the
diffusional-thermal instability can be described using the Lewis number (Le). An effective Le less than
unity indicates that the flame becomes unstable under the diffusional-thermal instability. The Lewis
number is the ratio of the thermal diffusivity of the mixture over the mass diffusivity of the deficient
species into the diluent:

T

M u p M

D λLe= =
D ρ C D

, (6)

where
TD - thermal diffusivity coefficient;

MD - the mass diffusivity coefficient;  - the unburn

gas thermal conductivity, (W/(m  K)); PC - the specific heat at constant pressure, kJ/(kg  K). For the

50%NH3/50%H2/air flames, two fuels exist in the reactants, the effective Lewis number ( effLe ) in this

work used the volume-weighted method to calculate [24]:

2 2 3 3eff H H NH NHLe =X Le +X Le (7)

where
2H

X - the volume fraction of H2;
3NHX - the volume fraction of NH3;

2H
Le - the Lewis

number of H2;
3NHLe - the Lewis number of NH3.

3.3 Thermal expansion ratio and flame thickness

Hydrodynamic instability always exists during the process of flame propagation connected with the
expansion of combustion products. Thermal expansion across the flame front and the laminar flame
thickness are two important parameters having strong influence on the hydrodynamic instability. The



thermal expansion ratio is shown in Eq. (2). The laminar flame thickness,  , can be determined by
Eq.(5):

P u L

λδ=
C ρ S

, (8)

The hydrodynamic instability is directly proportional to the thermal expansion ratio,  , and inversely
proportional to the flame thickness,  . The increasing  and the decreasing  can strength the
hydrodynamic instability [25].

4.0 Result and discussion

4.1 Laminar burning velocity

Figure 2 shows experimental and numerical results of the relationship between laminar burning
velocity SL, and equivalence ratio �, at unburned temperature and pressure of Tu = 298K and Pu = 1
atm, respectively. The laminar velocity reaches its maximum value at the equivalence ratio of 1.1.
This tendency is the same to the hydrocarbon fuels, and these values are close to those for methane
burning in air under the same conditions. The results obtained experimentally by C. Lhuillier et al.
[26], J.H. Lee et al. [12], J. Li et al. [27] are also plotted in Fig. 2. Few data are available for ammonia
and hydrogen equivalent combustion, and the data from different studies differs to a considerable
extent, especially at the rich side. The result here are more consistent with that of C. Lhuillier [26].
Overall, the measurements of laminar burning velocities are within the reported data. This supports the
reliability of the present experiments. The numerical results with different detailed reaction
mechanisms show that the calculated laminar burning velocity increases with equivalence ratio and
reaches the peak at the equivalence ratio of ϕ = 1.1, as shown Fig. 2. It decreases with the further
increasing equivalence ratio. The predicted results with the detailed chemical kinetics except for
Nakamura-Mech [19] are close at the lean burn and smaller than the current experimental results. The
results from Nakamura-Mech [19] are closer to J. Li et al. [27] at all of the equivalence ratio. The
calculated values from Daugaut-Mech [18] and Zhang-Mech [20] are closer to the current
experimental results at rich burn. But the results from Mei-Mech [16] and Han-Mech [17] is
underestimated to some extent at rich conditions. The reason that the reaction mechanisms used may
not be accurate enough for the addition of hydrogen is that these mechanisms have different scopes of
application. The Mei-Mech [16] was developed based on the combustion of ammonia under oxygen
enrichment. The Han-Mech [17] considers the carbonaceous materials, CO, mainly applied to
NH3/H2/Air, NH3/CO/Air, and NH3/CO/H2/Air flames. The results of this mechanism can be close to
experimental data for NH3/H2/Air flame for hydrogen addition less than 40%. The Dagaut-Mech [18]
and the Nakamura-Mech [19] focus on the oxidation of HCN and the NH3/Air weak flames
respectively. Zhang-Mech [20] was developed to describe the pyrolysis and oxidation of H2/NOX and
syngas/NOX systems.



Figure 2. Laminar burning velocity of 50%NH3/50%H2/air flames at Tu = 298K, Pu = 1.0 atm.
Symbols: experiments. Lines: numerical models.

Figure 3 (a) shows the measured laminar burning velocity of 50%NH3/50%H2/air mixtures at Tu =
298K and Pu = 0.5, 1.0 and 1.5 atm. The results show that the laminar burning velocity at same initial
pressure increases with the equivalence ratio under the lean burn and decreases with the equivalence
ratio under rich burn. At the three initial pressures, the peak values of the measurement appear at
equivalence ratio of ϕ = 1.1, and decrease with the increasing initial pressure. This trend is the same as
hydrocarbon flames. Fig. 3 (b) shows the measured laminar burning velocity of 50%NH3/50%H2/air
mixtures at Tu = 298K and equivalence ratio of ϕ = 0.8, 1.0 and 1.3. All of the laminar burning
velocities decrease with increasing initial pressure at different equivalence ratios, and the decreasing
extent becomes weaker with increasing the initial pressure.

Figure 3. Measured laminar burning velocity of 50%NH3/50%H2/air flames at Tu = 298K: (a) as
function of equivalence ratio at Pu = 0.5, 1.0 and 1.5 atm, and (b) as function of initial pressure at

equivalence ratio of ϕ = 0.8, 1.0 and 1.3.

4.2 Markstein length

The Markstein length is usually used to characterize the sensitivity of flame response to stretching, as
defined in Eq. (1). Figure 4 shows the measured Markstein length of 50%NH3/50%H2/air flames with



different equivalence ratios at Tu = 298K and Pu = 0.5, 1.0 and 1.5 atm. The Markstein length
increases with increasing equivalence ratio for all the same initial pressures. This tendency is the same
as the CH4/air, H2/air, and NH3/air flames where the fuel is the lighter component in the combustible
mixtures [16]. In general, when the Markstein length is positive, the increase of stretching decreases
the flame propagation rate and leads to a stable flame. When the Markstein length is negative, the
flame propagation rate increases due to the increasing stretching and an unstable flame develops. For
Pu = 1.0 and 1.5atm, the Markstein length is negative at the equivalence ratios less than 1.0, and the
flame front has more cracks with decreasing equivalence ratio. The positive Markstein length
increases with the increase of equivalence ratio when ϕ > 1.1, and thus the flame becomes more stable.
For the same equivalence ratio, the Markstein length decreases with the increase of initial pressure and
the flame becomes more unstable (as will be shown below). This implies that the increase of initial
pressure enhances the instability of 50%NH3/50%H2/air flames.

Figure 4. Measured Markstein length of 50%NH3/50%H2/air flames at Tu = 298K and Pu = 0.5, 1.0 and
1.5 atm.

4.3 Flame instability

4.3.1 Effect of equivalence ratio

Figure 5 shows the effective Lewis number, thermal expansion ratio and flame thickness change with
equivalence ratio at Pu =1.0 atm. Effective Lewis number is negative at the equivalence ratio of ϕ <
1.0, but positive at the equivalence ratio of ϕ > 1.0. This indicates that the diffusional-thermal
instability can destabilize the surface of flame under lean burn and stabilize the flame under rich burn.
The thermal expansion ratio increases with equivalence ratio firstly and reaches the peak at ϕ = 1.05,
then decreases with equivalence ratio. The trend of flame thickness is opposite to that of thermal
expansion ratio. This indicates that the hydrodynamic instability is enhanced under lean burn and
weakened under rich burn with increasing equivalence ratio.



Figure 5. Effective Lewis number, thermal expansion ratio and flame thickness as a function of
equivalence ratio (ϕ = 0.8-1.3) at Tu = 298K, Pu = 1.0 atm.

Figure 6 shows a temporal sequence of schlieren images of cracked flame front under lean burn at
Pu=1.0 atm. While the flame is stable under stoichiometric and rich burn, it becomes stable with
increasing equivalence ratio but the most wrinkle flame does not appear at the equivalence ratio of ϕ =
1.0. From the above, it is known that the combination of the diffusional-thermal instability and
hydrodynamic instability lead to the development of cellular structures under lean burn. Nevertheless,
the effect of the diffusional-thermal instability is more important.

Figure 6. Schlieren images of spherically propagating 50%NH3/50%H2/air flames at Pu = 1.0 atm, Tu =
298 K and ϕ = 0.8, 1.0 and 1.3.

4.3.2 Effect of pressure

Figure 7 shows the effective Lewis number, thermal expansion ratio and flame thickness as a function
of initial pressure. The effective Lewis number almost keeps constant with increasing initial pressure
for a specific equivalence ratio, as shown in Fig. 7(a). This implies that the diffusional-thermal
instability is insensitive to the change of initial pressure. The trend of thermal expansion ratio with



increasing initial pressure is the same as that of effective Lewis number, as shown in Fig. 7 (b). This
means that the variation of initial pressure can hardly cause a significant difference of the thermal
expansion effect. Different from the tendency of thermal expansion ratio, the flame thickness changes
obviously with increasing initial pressure. The increase of initial pressure gives rise to a monotonous
decreases of the flame thickness for a specific equivalence ratio, as shown in Fig. 7(c). The thinning
flame thickness weakens the influence of curvature and strengthens the baroclinic torque intensity of
the flame front, and thus enhances the hydrodynamic instability.

Figure 7. The influence parameters of instability change with different initial pressures (Pu = 0.5-1.5)
at Tu = 298K. (a): Effective Lewis number. (b): Thermal expansion ratio. (c): Flame thickness.

Figure 8 shows a sequence of schlieren images of spherically propagating 50%NH3/50%H2/air flames
at R ≈ 30 mm, Tu = 298 K, Pu = 0.5-1.5atm, and ϕ = 0.8-1.3. The flame front is smooth at Pu = 0.5 atm
within the equivalence ratio of ϕ = 0.8-1.3, as shown in Fig. 8. There are a few wrinkles appearing on
the flame surface when the initial pressure increases to Pu = 1.0 atm for lean burn, and more wrinkles
are observed at a higher pressure of Pu = 1.5 atm. Therefore, the flame becomes more unstable with
increasing initial pressure.

The above results show that an increase in initial pressure leads to slight changes in effective Lewis
number and thermal expansion ratio. This means that the flames in the mixtures at ϕ = 0.8-1.3 are
diffusively stable with the increase of initial pressure. However, an increase in initial pressure is
favourable for hydrodynamic instability since it results in a significant decrease in flame thickness.



Therefore, the cellular instabilities of 50%NH3/50%H2/air flames with increasing initial pressure are
mainly attributed to the hydrodynamic instability. The regular folds of the cellular flames also
manifest this nature.

Figure 8. Schlieren images of spherical 50%NH3/50%H2/air flames at R ≈ 30 mm, Tu = 298K, Pu =
0.5-1.5 atm, and ϕ = 0.8-1.3.

5.0 CONCLUSIONS

The effect of elevated pressures on laminar burning velocity, Markstein length and cellular instabilities
of spherically propagating 50%NH3/50%H2/air premixed flames were investigated at different
equivalence ratios. The major conclusions of this study are as follows:

(1) The unstretched laminar burning velocity reaches the peak at the equivalence ratio of ϕ =1.1 and
decreases with increasing initial pressure. The results of numerical simulations using different
chemical kinetics except for Nakamura-Mech are smaller than the experimental measurements at
lean burn, but the predictions by Dagaut-Mech and Zhang-Mech are consistent with the current
experimental data at rich burn.

(2) Measured Markstein length of 50%NH3/50%H2/air flames increases monotonically with the
increase of equivalence ratio, leading to a more stabilized flame. On the contrary, increasing initial
pressure leads to a decreasing Markstein length and thus results in a more unstable flame.

(3) Both the diffusional-thermal and hydrodynamic instabilities are intensified with the increasing
equivalence ratio, although the cellular structure on the lean flame surface is mainly attributed to
the diffusional-thermal instability. The increase of initial pressure causes increasingly, unstable
cellular flames for the 50%NH3/50%H2/air mixture due to the hydrodynamic instability.
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